A study on the nanoparticles size and the antibacterial properties of hyaluronic acid (HA) doped with nanoparticles is reported. Nanoparticles from gold, silver, copper, and silver palladium with HA support were performed. The solvated metal atom dispersion (SMAD) method with 2-propanol and HA was used. High-resolution transmission electron microscopy (HRTEM), infrared spectroscopy (FT-IR), and thermogravimetric analysis (TGA) were conducted. The average sizes of nanoclusters were as follows: HA-Au = 17.88 nm; HA-Ag = 50.41 nm; HA-Cu = 13.33 nm; and HA-AgPd = 33.22 nm. The antibacterial activity of solutions and films containing nanoparticles against American Type Culture Collection (ATCC) bacterial strains Escherichia coli (EC), Staphylococcus aureus (SA), Staphylococcus epidermidis (SE), and Pseudomonas aeruginosa (PA) was determined. Inhibition was observed for HA-Ag, HA-Cu, and HA-AgPd. Toxicological tests were performed in rats that were injected intraperitoneally with two concentrations of gold, copper, silver, and silver-palladium nanoparticles. No alterations in hepatic parameters, including ALT (alanine aminotransferase), GGT (gamma-glutamyl transpeptidase) bilirubin, and albumin, were observed after 14 days. These films could be used as promoters of skin recovery and Grades I and II cutaneous burns and as scaffolds.
Introduction
Nanotechnology is now one of the highest priorities in science and technology research [1] . By controlling the size, shape, and distribution of nanoparticles (NPs), it is possible to determine their properties and the nature and intensity of their interactions with other molecules. One way to modify the final properties of a nanomaterial is to use a polymeric support. The unique properties of supported metallic nanoparticles (MNPs) are directly related to the types of particles (size and shape), the dispersion, concentration, and electronic properties of the metal in the support [2, 3] . MNPs dispersed in solvents have been widely studied over the past few years because their properties have enabled applications in the areas of electronics, medicine, environmental science, and materials science [4] .
Nanomedicine is a field that encompasses applied nanotechnology methods in medicine. Thus, it allows the use of nanotechnology in cutting-edge research that will lead to the creation of better techniques for the treatment of diseases to improve the prognosis of patients [5] . The revolutionary aim of this science is focused primarily on monitoring, repairing tissue, controlling the evolution of disease, and defending and improving human biological systems. The most significant biotechnological advances in this field include biosensors, novel pharmacoselective agents, and the development of materials for grafts, among others [6] .
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The antimicrobial activity of metal nanoparticles had been reported profusely in the last years [7] [8] [9] [10] as a possible alternative treatment for infected wounds, particularly with antimicrobial resistant bacteria, and nanoparticles of various metals have been studied.
There is evidence that demonstrates that gold nanoparticles are inert or have nontoxic effect on human cells [11] . No proinflammatory cytokines secretion, such as necrosis factor tumor alpha (TNF-), was detected in a study with macrophage cells; these results emphasize that AuNPs are not cytotoxic or immunogenic but are biocompatible, corroborating their excellent potential in the areas of nanoimmunology, nanobiotechnology, and nanomedicine [12] . On the other hand, good antibacterial activity has been demonstrated against various pathogenic bacteria [13, 14] .
In contrast to gold nanoparticles, silver nanoparticles (AgNPs) show toxicity associated with their oxidative and inflammatory nature [15] , which is related to their genotoxicity and cytotoxicity [16, 17] . Therefore, it is suggested that AgNPs can inhibit the mechanisms of antioxidant defense through the reduction of glutathione, inactivation of the superoxide dismutase, and promotion of lipid peroxidation [18] . Consequently, reactive oxygen species accumulation and oxidative stress can cause many physiological and cellular events, including stress, disruption and destruction of mitochondria, apoptosis, inflammation, and damage to DNA [19] . The mitochondria appear to be the cellular compartment most sensitive to the toxicity of AgNPs [20] .
In addition to the damage to DNA and mitochondria, it has also been observed that AgNP exposure, in contrast with AuNPs, induces the release of a series of proinflammatory markers, predominantly TNF-, pulmonary intravascular macrophages, and granulocyte colony-stimulating factor [21] . However, the toxicity of AgNPs is still a concern matter because AgNPs release Ag + ions in aqueous solution [22] , and there is evidence that the silver ion presence enhances significantly the toxicity of AgNPs [23] .
On nanoscale, pure copper or copper oxides become even more toxic to pathogenic microorganisms, an effect that is directly related to the size of the particles. As is the case with other metals, the presence of excess copper has also been proven to be toxic, to a certain extent, to cellular organisms in general [24, 25] . This is because, in the presence of water and oxygen, copper releases positive ions and generates hydroxyl radicals, both of which are highly toxic. In addition, the electrons produced by oxidation reactions interact with water molecules, forming other hydroxyl radicals [26, 27] .
There are multiple effects that show the toxicity of copper: (1) inhibition or alteration of protein synthesis; (2) alterations to the permeability of the cell membrane, causing the peroxidation of lipids by inducing oxidative damage to them; as a result, an imbalance is created in the entrance and the exit of minerals, including sodium and potassium, that are essential for normal cells to function; and (3) destruction or alteration of nucleic acids (DNA), thus disrupting the ability of cells to multiply [28] .
In a study that evaluated the in vitro toxicity of CuNPs in fibroblast cells from mouse embryos showed that Cu 2+ ions are more cytotoxic than covered NPs (CuNPs) [26] as has been reported also for AgNPs and silver ions. Palladium has been used in alloy with gold, silver, and tin as a material for dental restoration for years, and health concerns about his use are due it known effect on the immune system [29, 30] . Limited other data about palladium toxicity has been reported [31] . For this reason, AgPd-NPs was included in this study.
Hyaluronic acid (HA) is a fundamental component of the extracellular matrix of the skin, mucosal tissue, joints, eyes, and many other organs and tissues. It is involved in tissue repair processes and is an essential component in the resurfacing of the skin and the prevention of scar formation. Its osmotic capability restores tissue hydration during the inflammatory process, and its viscosity helps to prevent the passage of bacteria and viruses into the pericellular area (around the cell). It is a known stimulator of the inflammatory process because it acts as a barrier to tissue degradation and has antioxidant properties, including the ability to eliminate free radicals [32] [33] [34] , which are tissue-damaging byproducts derived from the metabolism of oxygen that can cause inflammation and cancer [35] .
HA, is a potent water attractant. This property provides hydration, firmness, smoothness, and a defensive barrier to the skin and also offers mechanical stability to joints and slows down skin aging.
The main goal of this work is to obtain films of HA doped with MNPs to improve skin recovery and to control bacterial infections of wounds.
Materials and Methods

Metal Atom Reactor (Chemical Liquid Deposition-Solvated
Metal Atom Dispersion Method). The metal atom reactor used has been previously described [36, 37] . In a typical procedure, an alumina-tungsten crucible at the bottom of the reactor was charged with 0.150 g of Au metal and 3.0 g of HA. Dry 2-ethoxyethanol was placed in a ligand inlet tube and degassed by several freeze-pump-thaw cycles. The reactor was pumped down to 0.008 mbar, while the crucible was heated until it was red. A liquid nitrogen-filled Dewar was placed around the vessel, and Au and 2-ethoxyethanol (70 ml) were deposited over a period of 1 h with a current of 35 A. The matrix was a blue/purple color at the end of the deposition. The matrix was then allowed to warm slowly under vacuum for 1 h by removing the liquid nitrogen Dewar. Upon meltdown, a purple colloid was obtained. After returning the matrix to 1 atm by the addition of nitrogen, the colloid was allowed to warm for another 0.5 h at room temperature. The dispersion was stirred for 12 h and was then syphoned out under nitrogen into a flask. Based on the evaporated metal and 2-ethoxyethanol in the inlet, the molarity of the metal could be calculated. Several concentrations were prepared under the same conditions for Ag, Cu, and AgPd (between 50 and 200 mg). No hydrogen evolution during the metal evaporation was observed. The vacuum remained constant during the evaporation process.
Metallic Solids.
Metallic solids were prepared by the direct evaporation of solvent, achieved by connecting the receiver flask to the vacuum line for a period of approximately 10 h. Once the solvent had evaporated, the flask and the solid could be collected, after which it was stored in a dry chamber under atmosphere of nitrogen gas to prevent the oxidation of the material.
High-Resolution Transmission Electron Microscopy (HRTEM).
Micrographs were obtained on a JEOL 2100F high-resolution transmission electron microscope (200 kV) or on a JEOL 2010 TEM (200 KV). It was possible to determine the range of size distribution of NPs in addition to possible distortions and imperfections in the MNPs of Au, Ag, Cu, and the alloy AgPd. Sample preparation included a procedure that separated and dissolved the polymer nanoparticles using only HA and water as solvent. This step allowed us to view the NPs in more detail. In this procedure, solid polymer containing MNPs and weighing approximately 0.002 g to 0.008 g was dissolved in 3 or 6 ml of sterile distilled water and sonicated for 15 minutes; then, 1 drop of the solution obtained was placed in the grid of copper or nickel with a carbon film. The average particle size was obtained from 59 measurements.
Infrared Spectroscopy with Fourier Transform (FT-IR).
The spectrophotometer used to obtain IR spectra was a Nicolet Magna 500 equipped with Nicolet EZ OMNIC software for the collection and analysis of spectra.
The sample preparation method used most often for the analysis of solid samples involved a KBr matrix; specifically, the solid samples were dispersed and supported on a KBr matrix tablet. For the preparation of the tablet, solid fiberglass (1 mg), previously cut with a microtome, was dispersed on an array of KBr (100 mg) by mixing and grinding to homogenize the mixture inside an agate mortar. Then, the mixture was introduced into a mold and compressed to obtain a disc. Subsequently, the disc was stored in a desiccator until FT-IR analysis.
Spectra were recorded in a wavelength range from 400 cm −1 (25 micrometers) to 4000 cm −1 (2.5 micrometers), which defined the IR electromagnetic radiation spectrum. The analysis included obtaining the far and middle IR spectra of each of the samples.
Thermogravimetric Analysis (TGA).
Thermogravimetry was performed with a Q50 V2010 Build 36 TGA. Samples of the solid were heated at a rate of 10 ∘ C/min in air with a flow rate of 20 ml/min. From the corresponding thermogram, the temperature of decomposition and the mass percent composition of the degradation products were determined.
Microbiological Tests.
For the bacteriological assays, four bacterial strains were used: Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 25923), and Staphylococcus epidermidis (ATCC 12228).
The antibacterial properties of the NPs supported in HA were assayed by a qualitative approach. For this, a 1 cm 2 film prepared from HA and the appropriate NPs was deposited in a Petri dish containing a thin layer of Mueller-Hinton (MH) agar. Then, 10 ml of MH agar containing an inoculum of approximately 10 6 CFU/ml was poured onto the film until it was covered. The antibacterial activity was determined by comparing the growth to that of a control film without NPs.
Toxicological Test: Bioassays in Rats.
The experimental method of intraperitoneal injection in mice started with a full physical examination of the rats before beginning the administration of the solutions under study. The average temperature, pulse, and breathing needed to be 38 ∘ C, 280 beats/min, and 90 breaths/min, respectively, before proceeding. The animals were supplied with adequate food and water, in addition to controlling the conditions in terms of light and humidity. Ether was used as an anesthetic; before the induction, the rats were fasted for at least 12 h. This procedure employed all possible hygienic measures, such as the use of surgical gloves, apron, cap, and mask. Once the mouse was sedated, it was held during injection of the solution under study using a syringe that conformed to the desired volume level. The solution was injected into the back of the mouse, around the cervical area.
After the solutions were administered, all the rats under study, including the control group, were maintained under conditions with adequate food, light, temperature, and humidity until the day established as the end of the analysis, at which point a number of rats in each group under study were sacrificed. For example, a rat from each group was analyzed in terms of their liver enzymes to determine toxicity in the long and short term.
The studies that were performed in the present work were conducted, without exception, while respecting international standards for the management of laboratory animals according to National Institute of Health Guide for the Care and Use of Laboratory Animals and the Bioethics Committee (Universidad Austral de Chile).
Results
High-Resolution Transmission Electron Microscopy (HRTEM).
From the micrographs (Figure 1(a) ) obtained, it is possible to observe atomic planes previously reported in the literature for each NP. Using Digital Micrograph software, measurements of interplanar spacing values were performed to identify the type of atomic plane. From these data, it is possible to determine the space between each interplanar layer of the metallic element (0.39 nm) and that the MNPs have a face-centered cubic (fcc) crystal structure. One of the objectives of this TEM analysis was to determine the size distribution of the MNPs under study and to determine the presence or absence of any distortions or imperfections in the particles arising from an incomplete synthesis process.
Assuming that its crystalline structure is fcc on both sides, the measurement of the extent of the interplanar distance is The quality of the two high-resolution images in Figure 3 of the silver-palladium (alloy) NPs should be noted; it is possible to see at a glance atomic levels, interplanar distances, and facets of the location of the atoms. Clearly, the observation of the spatial arrangement of atoms in the more stable (111) plane was achieved.
The shape of the NPs was generally not a perfect sphere, so, the average size was calculated as the mean of the width and the length of several particles (see Figure 4) .
According to measurements made using Digital Micrograph software, the sizes of the gold, silver, copper, and silverpalladium MNPs were within the range of 10-50 nm.
Based on the results obtained and the micrographs shown above, it is possible to determine that the sizes of the different types of NP, for example, Au and Ag NPs, are not homogeneous, which is to be expected because, during the synthesis process, unequal amounts in terms of milligrams of metal not used in the formation reaction lead to different particle sizes at the nanometer scale. However, it was not expected that there would be a difference in the distribution of sizes between a single type of metal NP, for example, silver, in which case there were no more than two NPs with equal sizes, which may be attributable to the synthesis process. There were several factors that influenced NP growth not being realized in its entirety in all the NPs; therefore, the sizes measured varied within the particles containing the same type of metal.
FT-IR Spectroscopy.
Shown below are IR spectra from which polymer structure characterization can be achieved. HA was analyzed in the middle or intermediate IR range (up to 4000 cm −1 ) to corroborate the presence of polymer in each of solid samples containing NPs of Au, Ag, Cu, and AgPd. From these spectra, one can check for the presence of the main organic groups present in the molecule. In addition, spectroscopy in the far IR range (up to 400 cm −1 ) was performed on the samples of MNPs, making it possible to distinguish the main bonds where the MNPs are linked to the polymer and the presence of clusters or atomic groupings of the same metal (see Table 1 ). To confirm the presence or absence of the major functional groups of HA as a polymer solid used to support NPs, it is not necessary to obtain an equal value in terms of frequency but rather to confirm that bands move only within similar ranges with a minimal difference. This difference between each solid sample containing a different metal arises from the metal causing the bands to behave similarly but not exhibit the same vibrations. The 3428 cm −1 bands correspond to the vibration of -OH bond stretching. The band at 2928 cm −1 is due to -CH bond stretching. At 1727 cm −1 , the band corresponds to the absorption from C=O double bond stretching, and the 1624 and 1625 cm −1 bands show absorption from the stretching of the C=C double bonds or chelated groups in the case of Au-2.
Far FT-IR.
Spectrum allows us to demonstrate the possible bonds between HA and the metal, which are concentrated around the metal-oxygen groups of hyaluronate (a monomer unit that interacts with metals) and the carbonyl of the glucuronic acid group, which displaces the band. Furthermore, the presence of bonds between clusters of atoms of the same metal is observed [38, 39] . Table 2 summarizes the far IR bands of different nanoclusters involved.
Thermogravimetric Analysis (TGA). The main objective
of TGA is to demonstrate the stability of metallic solids in response to temperature changes. From the obtained scans, it is possible to determine the temperature of decomposition of a polymer and a polymer doped with MNPs and to obtain information on the percentage of mass loss of a sample, which can be used to determine which sample is more stable.
From the results in Table 3 , it can be concluded than the average experimental decomposition temperature of the polymer supporting MNPs is 218.73 ∘ C. On the other hand, the decomposition temperature of pure HA is around 220 ∘ C (shown in Figure 5 ). Similar result occurs with chitosan; a decrease in decomposition temperature is observed between pure and MNPs-doped polymer [40] . The observed values of percentage of mass loss are, with some degree of similarity, directly related to the loss in mass (in mg) undergone by the solid samples. The residual mass percentage and temperature refer to the peak temperature at which mass is no longer lost as a result of increasing the temperature of the sample. The residual mass is between 23 and 27% for doped HA, while the pure HA exhibit a residual mass of 36,93%.
Bacteriological Assays.
The results of the qualitative analysis are shown in Table 4 . In general, the highest activity was found in gels containing NPs of copper and silver, with both displaying activity against the four tested strains of bacteria.
Comparison of the results with the literature is challenging, mainly due to differences in the methodologies used and the polymer used as a support. Most of the work in this field uses chitosan as the polymer support. Chitosan is known to have antibacterial properties significantly different from those of HA, which has weak or no antibacterial activity depending on the tested microorganism [41] . Our results show that strong antibacterial activity is achieved with NPs of copper and silver, while low activity is observed with gold and silver palladium. These results are consistent with the literature, which indicates that metals such as gold and platinum have low antibacterial activity [8] . Anisha et al. (2013) [42] used a matrix of chitosan/hyaluronic acid as support for silver nanoparticles and determined the antibacterial activity of the compound. They demonstrated that the mix was active against all the bacteria tested, including methicillin-resistant Staphylococcus aureus strains. These results are comparable with the result of this work. One study reports MIC values comparable to those obtained in this study for silver and copper, with values of >0.395 mg/ml and 0.048 mg/ml, respectively, against E. coli and 0.198-0.395 and 0.048 mg/ml, respectively, against S. aureus, values that are similar to the inhibition of bacteria growing on the films. This study shows a MIC for copper that is the same (0.048 mg/ml) against all the strains tested, which is less than half the value reported by Ruparelia et al. [8] for this metal; in the case of silver, the values are similar.
Bioassays in Rats.
The toxicity tests were conducted in laboratory rats weighing 100 g that were separated into two groups, one experimental and the other a control, whose evaluation was performed after the solution was injected intraperitoneally at days 1 and 7. A blood sample of 0.5 ml was taken to determine the hepatic biochemical parameters, including ALT, GGT, bilirubin, and albumin. After euthanasia, all hepatic and renal tissue was extracted for histopathologic analysis. This analysis was used to determine if the solutions of the MNPs supported on HA were sufficiently nontoxic to permit their use.
We find that the levels of ALT, GGT, and bilirubin measured at 14 days after intraperitoneal injection were normal in the group of animals injected at days 1 and 7 with 0.5 ml of a 0.5% solution of Au, Ag, and Cu or AgPd-NPs supported by HA (see Figure 6 ).
There were no changes associated with hepatotoxicity after 14 days in all sampled groups since the liver functionality-specific enzymes and the levels of albumin and bilirubin synthesized were found to be within normal ranges. There were also no signs associated with damage to the hepatic or renal tissue in samples taken 14 days later after the euthanasia of each animal. With regard to the pathology, macroscopic analysis indicated that no mice belonging to the group injected with metals and HA had adhesions in their abdominal cavity. This finding leads to the conclusion that solution of MNPs supported in HA does not present high levels of toxicity; in fact, toxicity levels were within the normal ranges for continuous exposure.
Conclusions
Analyses were performed on metallic NPs of gold, silver, copper, and silver palladium (alloy) supported in the biopolymer HA, which, despite not having antibacterial properties, acts as a favorable stabilizer of MNPs, allowing them to exhibit their unique properties, particularly their antibacterial abilities. These properties were evident from the first characterization analyses, such as HRTEM analysis, which showed MNPs located clearly in a spatial arrangement of atoms in the more stable (111) plane, as shown in Figure 2 . Furthermore, the analyses allowed us to determine that the size of the MNPs Journal of Nanomaterials was within the range of 10-50 nm and that differences in sizes existed between each of the different types of NPs, with AgNPs being the largest and CuNPs the smallest. We also characterized the presence of deformities and imperfections, such as nanotwins and strips of thickness in the AgNPs, attributable primarily to incomplete synthesis. Medium and far FT-IR analysis was used to determine that the 3428 cm Journal of Nanomaterials absorption in the C=O double bond stretching band, among others. In the far IR, there were possible bonding interactions between HA and metal, which would be focused in the -Metal-O-groups of hyaluronate (a monomeric unit that interacts with metals) and the carbonyl group of glucuronic acid; these interactions cause the formation of bands. Furthermore, the presence of bonds between clusters of atoms of the same metal with values between 120 and 190 cm −1 was observed. TGA analysis determined that the temperature of decomposition for the system exhibits several peaks from 217 to 220 ∘ C, values consistent with the literature, which indicates that HA macromolecules decompose at approximately 220 ∘ C. From these analyses, it is concluded that the use of HA as a stabilizing support offers the safety and capacity needed for its use in the preparation of medical dressings with MNPs. Although HA is being compared to other well-known biopolymers (e.g., chitosan) that have significant antibacterial properties, a greater likelihood of allergic reactions is ascribed to these polymers. Neutral HA, however, has no adverse reactions, is fully biocompatible, and is involved in tissue repair process. In addition to this factor, with the proven antibacterial properties of MNPs, we can fully recommend the use of these components for the development of an effective medical dressing. While the course of this work concluded with preclinical trials in animals (mice), it would be appropriate to continue this investigation with clinical trials of patients suffering from skin wounds and diseases.
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